The chromatin modifying Polycomb group (PcG) and trithorax group (trxG) proteins are central regulators of cell identity that maintain a tightly controlled balance between cell proliferation and cell differentiation. The opposing activities of PcG and trxG proteins ensure the correct expression of specific transcriptional programs at defined developmental stages. Here, we report that the chromatin remodeling factor PICKLE (PKL) and the PcG protein CURLY LEAF (CLF) antagonistically determine root meristem activity. Whereas loss of PKL function caused a decrease in meristematic activity, loss of CLF function increased meristematic activity. Alterations of meristematic activity in pkl and clf mutants were not connected with changes in auxin concentration but correlated with decreased or increased expression of root stem cell and meristem marker genes, respectively. Root stem cell and meristem marker genes are modified by the PcG-mediated trimethylation of histone H3 on lysine 27 (H3K27me3). Decreased expression levels of root stem cell and meristem marker genes in pkl correlated with increased levels of H3K27me3, indicating that root meristem activity is largely controlled by the antagonistic activity of PcG proteins and PKL.
INTRODUCTION
Postembryonic growth in plants is ensured by two spatially separated populations of stem cells that continuously provide cells to maintain two mitotically active cell populations, the shoot apical meristem at the apical pole and the root meristem (RM) at the basal pole (Weigel and Jü rgens, 2002; Laux, 2003) . Stem cell daughters undergo additional divisions within the meristematic zone; when cells leave the meristem, they rapidly elongate and differentiate. In the RM, all stem cells surround the mitotically less active quiescent center (QC), which acts as an organizing center required for stem cell maintenance similar to animal stem cell niches (van den Berg et al., 1997) . The stem cell niche in the root is specified by two in parallel acting pathways; the PLETHORA (PLT)-dependent pathway (Aida et al., 2004; Blilou et al., 2005; Sarkar et al., 2007) and the SHORT-ROOT (SHR)/ SCARECROW (SCR)/RETINOBLASTOMA-RELATED (RBR) pathway (Helariutta et al., 2000; Nakajima et al., 2001; Sabatini et al., 2003; Wildwater et al., 2005) . PLT proteins act dose dependently, high PLT levels maintain stem cells, intermediate levels promote cell divisions in the meristematic zone, and low levels promote cell differentiation (Galinha et al., 2007) . PLT expression depends on auxin and forms a gradient in the root that is considered a readout for the underlying auxin gradient in the root (Aida et al., 2004; Galinha et al., 2007; Grieneisen et al., 2007) . SHR/SCR as well as PLT1/ PLT2 act redundantly with the QC-specific transcription factor WUSCHEL-RELATED HOMEOBOX5 (WOX5) to maintain proximal stem cell identity, whereas columella stem cell identity is nonredundantly specified by WOX5 (Sarkar et al., 2007) .
The central importance of auxin in specifying the stem cell niche is commonly established; however, the current knowledge about additional factors that act independently of auxin is rather scarce. Recent studies illuminate a role for the histone acetyltransferase GCN5 in root stem cell maintenance by maintaining PLT1/PLT2 expression (Kornet and Scheres, 2009) , suggesting that chromatin-based mechanisms underlie stem cell specification in plants.
The evolutionary conserved Polycomb group (PcG) and trithorax group (trxG) proteins are considered central regulators of cell identity that act by maintaining a tight balance between cell proliferation and cell differentiation (Schuettengruber and Cavalli, 2009) . PcG proteins form multimeric complexes, which repress transcription of target genes; the two major complexes are Polycomb Repressive Complex2 (PRC2), which catalyzes the trimethylation of histone H3 at lysine 27 (H3K27me3), and PRC1, which binds to this modification and catalyzes monoubiquitination of histone H2A at lysine 119 (Schuettengruber and Cavalli, 2009) . As PcG proteins act as global repressors of transcription, their action must be restricted to a defined set of genes dependent on tissue-and developmental-specific contexts. This is achieved by trxG proteins that act as antagonists of PcG proteins and exclude target genes from PcG-mediated repression (Schwartz and Pirrotta, 2007) .
In Arabidopsis thaliana, loss of function of the chromatin remodeler PICKLE (PKL) causes reduced expression of many PcG target genes, suggesting that PKL is required for retaining transcriptional activity of PcG target genes and therefore has trxG-like function (Aichinger et al., 2009) . Consistently, loss of vegetative PcG function can be partially suppressed by the pkl mutant, which is reflected by the requirement of PKL to maintain increased expression of PcG target genes upon loss of PcG function (Aichinger et al., 2009) . PKL is a predicted ATPdependent chromatin remodeling factor of the chromodomain/ helicase/DNA binding domain (CHD3/CHD4) subfamily that contains two tandemly arranged chromodomains as well as one plant homeodomain zinc finger preceding the chromodomains (Eshed et al., 1999; Ogas et al., 1999) . CHD3/CHD4 family members have functional roles in transcriptional repression when part of the NuRD (nucleosome remodeling and deacetylase) multiprotein complex that couples ATP-dependent chromatin remodeling and deacetylation leading to transcriptional repression (Bouazoune and Brehm, 2006) . Alternatively, CHD3/CHD4 proteins can function in transcriptional activation by association with histone acetyltransferases and by as yet unknown mechanisms (Shimono et al., 2003; Williams et al., 2004; Murawska et al., 2008; Scimone et al., 2010) .
Here, we show that the chromatin remodeling factor PKL and the PcG protein CLF antagonistically determine meristem activity in the RM. Whereas loss of PKL function caused a decrease in meristematic growth, loss of CLF function increased meristem activity. Increase or decrease of meristem activity in clf and pkl mutants was not connected with changes in auxin concentration but correlated with increased or decreased expression of stem cell and RM marker genes, respectively. Root stem cell and meristem marker genes are modified by PcG-mediated H3K27me3. The level of this modification correlated with the activity status of stem cell and RM marker genes, indicating that RM activity is largely controlled by the antagonistic activity of PcG proteins and PKL.
RESULTS

Loss of PICKLE Impairs Root Growth
We noted that in roots of pkl, as well as in the double mutant combination with pickle related 2 (pkr2), many genes only detected in enriched domains or cell types from the root had significantly lower expression levels compared with wild-type roots (Figure 1) , which was associated with a significantly reduced root length (Figures 2A and 2B) . At low frequency, loss of PKL function causes the formation of swollen and greenish primary roots (embryonic roots) (Ogas et al., 1999 ) that express embryonic traits as a consequence of reduced PcG gene expression (Aichinger et al., 2009 ). This phenotype can be strongly enhanced by mutations in the PKL homolog PKR2 (Figure 2A ), which is accompanied by strongly increased expression levels of the embryonic master regulator LEAFY COTYLEDON1 (LEC1) (Aichinger et al., 2009) , suggesting that overexpression of LEC1 might be causally responsible for this phenotype. We analyzed root growth in pkl and pkl pkr2 seedlings by separating mutant roots without any visible embryonic root phenotype (further referred to as wild-type-like pkl or pkl pkr2 roots) from roots that developed the embryonic root phenotype ( Figure 2A ) and determined their length at 5 d after germination (DAG). Primary roots developing the embryonic root phenotype had stopped longitudinal root growth latest by 7 DAG (see Supplemental Figure 1 online). The wild-type-like pkl and pkl pkr2 mutant roots were also significantly shorter than the wild-type roots at 5 DAG ( Figure 2B ), suggesting that reduced root length in pkl and pkl pkr2 mutants is not an indirect consequence of embryonic trait expression. Loss of PKR2 alone had only a marginal effect on root length, but pkr2 enhanced the short root phenotype of pkl ( Figure 2B ). Gibberellic acid (GA) acts as a strong suppressor of embryonic root formation in pkl (Ogas et al., 1999 ); therefore, we tested the effect of GA application on root length in pkl and pkl pkr2 mutants. Application of GA completely suppressed the embryonic root phenotype of pkl and pkl pkr2 (none out of 90 analyzed pkl seedlings and 156 analyzed pkl pkr2 seedlings developed embryonic roots). Consistent with previous results (Ubeda-Tomá s et al., 2009), GA caused increased growth of wild-type roots and also increased growth of pkl and pkl pkr2 roots ( Figure 2C) ; however, mutant roots remained much smaller than wild-type roots, indicating that embryonic root formation and reduced root growth are two unlinked phenotypes caused by loss of PKL function.
To substantiate this conclusion, we measured expression of embryonic regulators LEC1, FUSCA3 (FUS3), ABSCISIC ACID INSENSITIVE3 (ABI3), and AGAMOUS LIKE15 (AGL15) in embryonic and wild-type-like roots of pkl and pkl pkr2 mutants. Whereas expression of these genes was strongly increased in embryonic roots, no change in expression was detected in wild-type-like pkl and pkl pkr2 roots ( Figure 2D ). Finally, we introduced an artificial microRNA targeting LEC1 (amiRNA_LEC1) under control of the constitutive 35S promoter into the pkl pkr2 mutant background. Roots of pkl pkr2 mutants that expressed amiRNA_LEC1 had no detectable LEC1 expression ( Figure 2E ), and the appearance of the embryonic root phenotype was almost completely suppressed (Table 1) . Importantly, however, the root length of five independent amiRNA_LEC1; pklpkr2 lines remained similarly reduced as in pkl pkr2 ( Figure 2F ), strongly suggesting that reduced root length in pkl and pkl pkr2 is directly caused by the lack of PKL and PKR2-mediated activation of root-specific genes.
Impaired Root Growth of pickle Is Caused by Reduced RM Activity Root length and organ size are determined by the final cell size and cell number (Dhonukshe et al., 2008 ). Therefore, we tested the length of differentiated epidermal cells of pkl and pkl pkr2 primary roots. Length of differentiated epidermal cells was not (A) Microarray analysis of seedling, inflorescence, rosette, and root tissues reveals root-specific expression of genes with decreased expression in roots of pkl pkr2 seedlings. Numbers of microarrays used for this analysis are indicated on right side of panel. Analysis of tissue specificity of differentially expressed genes was performed in Genevestigator (Zimmermann et al., 2004) . Differentially expressed genes in pkl pkr2 were identified using previously published data sets and following previously published procedures (Aichinger et al., 2009) . (B) Genes only detected in enriched domains or cell types from the root are downregulated in pkl and pkl pkr2 mutants. Differentially expressed genes in pkl and pkl pkr2 were identified using previously published data sets and following previously published procedures (Aichinger et al., 2009) . SLR, signal log ratio. Error bars indicate SE. [See online article for color version of this figure. ] significantly reduced in pkl mutants compared with wild-type roots (t test, P = 0.58), whereas epidermal cells of the pkl pkr2 double mutant were slightly, but significantly, shorter (t test, P < 0.05; Figure 3A ). However, given that pkl roots are significantly shorter than wild-type roots and pkl pkr2 roots show only a minor reduction in cell length, we considered it rather unlikely that reduced root length in pkl and pkl pkr2 is primarily a consequence of reduced cell expansion. Therefore, we tested the size of the root apical meristem, which is a major determinant of longitudinal growth. RM size corresponds to the number of cortex cells in a file extending from the QC to the first elongated cell ( Figure 3B ). Indeed, pkl and pkl pkr2 had significantly smaller meristems compared with wild-type roots from 3 DAG onwards (Student's t test, P < 0.001; Figures 3B and 3C ). Whereas wild-type meristems reached their final size 6 DAG, meristems of pkl and pkl pkr2 established their final size already after 3 DAG ( Figure 3C ). Given that reduced meristem activity in pkl was only slightly enhanced by the pkr2 mutation, further investigations concentrated on the analysis of the pkl mutant.
We monitored PKL expression in seedling roots by introducing a construct containing the PKL promoter and coding region fused to the green fluorescent protein (PKL pro :PKL-GFP) into the pkl pkr2 background. This construct completely complemented the root growth phenotype (see Supplemental Figure 2 online) as well as other phenotypic abnormalities of the pkl mutant (data not shown) and revealed expression of PKL ubiquitously in the RM, including the QC and surrounding stem cells ( Figure 3D ).
Decreased meristem size in pkl could be due to reduced stem cell activity, loss of division potential of meristematic cells, or accelerated elongation and differentiation of meristematic cells. To distinguish between these possibilities, we determined the meristematic cell division potential in pkl mutants and wild-type plants by visualizing RM cells in the G2-M phase using the cell cycle reporter construct CYCLINB1;1 pro :CDB-GUS (Welch et al., 2007) . The total number of b-glucuronidase (GUS)-stained cells in pkl meristems was reduced compared with wild-type roots; however, the relative number of GUS-stained cells per meristematic cells was the same as in the wild type ( Figures  4A to 4C ), suggesting a similar overall division rate. Therefore, the reduced meristem size of pkl mutants is unlikely to be caused by changes in the competence of meristematic cells to divide. Smet et al., 2007) . In marked contrast, pkl mutant roots showed starch granules at the stem cell position, but not in the QC (19%, n = 89 roots), and the incidence of two stem cell layers decreased from 20% in wildtype roots to 0.05% in pkl roots ( Figures 5A to 5D ). At low frequency (4.5%, n = 89), we also observed aberrant patterning of the pkl stem cell niche, which was not observed in wild-type roots ( Figure 5C ). Thus, we conclude that loss of PKL likely caused a reduced activity of the stem cell niche, either by a defect within the stem cells themselves or impaired signals derived from the QC. We asked whether reduced stem cell activity in pkl roots might be reflected by changes in the expression of stem cell and RM marker genes. Specifically, we tested expression of transcription factors PLT1 and PLT2 that integrate the auxin maximum in the root tip into the formation and maintenance of the root stem cells (Aida et al., 2004; Galinha et al., 2007) , the QC-specific transcription factor AGL42 (Nawy et al., 2005) , and the closely related genes AGL17 and AGL21 (Burgeff et al., 2002) , the QC-specific transcription factor WOX5 ) that maintains stem cell activity, as well as SHR, which is involved in QC specification and radial patterning of the root (Helariutta et al., 2000) . We analyzed expression of these genes in wild-type and pkl roots at 5 DAG. Whereas expression of SHR was not reduced in pkl roots, expression of WOX5 was slightly reduced, and expression of AGL42, AGL17, AGL21, PLT1, and PLT2 was highly reduced in pkl root samples including or excluding embryonic roots ( Figure  5E ). Expression of PLT genes is regulated by auxin (Aida et al., 2004; Galinha et al., 2007; Grieneisen et al., 2007) . However, based on the expression of the auxin response reporter gene DR5 pro :GUS, auxin accumulation appeared unaltered in pkl mutant roots compared with wild-type roots ( Figure 5F ), consistent with previous observations (Fukaki et al., 2006) . We asked whether reduced expression of PLT1 and PLT2 is the underlying cause for reduced pkl root length and generated triple plt1 plt2 pkl mutants. Loss of PKL in the plt1 plt2 double mutant background did not cause an aggravation of the plt1 plt2 mutant phenotype, indicating that plt1 plt2 is epistatic over pkl and supporting the idea that reduced expression of PLT1 and PLT2 in pkl is causally responsible for reduced pkl root growth ( Figure  5G ). Thus, we conclude that PKL is required for the activation of root stem cell and meristem marker genes and their reduced expression might be the underlying cause for reduced pkl root length.
PKL and CLF Antagonistically Regulate Root Stem Cell and Meristem Marker Genes
Previous results from our group revealed that PKL acts antagonistically to PcG proteins and is required for the activation of PcG target genes (Aichinger et al., 2009) . If so, we wondered whether loss of PcG function would cause increased expression of these genes and, if so, whether increased expression would depend on PKL function. Loss of the PcG gene CLF causes a general reduction of H3K27me3 levels (Jiang et al., 2008) associated with misexpression of several genes and phenotypic abnormalities like leaf curling, early flowering, and flower homeotic transformations (Goodrich et al., 1997) . We generated pkl clf double mutants and measured expression of AGL42, AGL17, AGL21, PLT1, PLT2, WOX5, and SHR in the wild type and pkl, clf, and pkl clf mutants. Expression of AGL42 and AGL21 as well as WOX5 were significantly increased in clf compared with wildtype roots, whereas no increased expression was detected for AGL17, PLT1, or PLT2 ( Figure 6A) . Expression of AGL42, AGL21, and WOX5 in pkl clf double mutants was comparable to the expression of these genes in pkl, supporting the idea that increased expression of these genes in clf depends on PKL function ( Figure 6A ). We monitored spatial expression of WOX5 in pkl, clf, and pkl clf mutants using a WOX5 pro :GFP construct . The intensity of the GFP signals ( Figure 6B ) correlated with the WOX5 mRNA levels ( Figures 5E and 6A) , and, importantly, expression of WOX5 remained constrained to the QC in all tested mutant combinations ( Figure 6B ), suggesting that PKL and CLF regulate expression levels of WOX5 within a specified QC expression domain but are unlikely to be required for specifying this domain. Increased expression of stem cell and meristem marker genes in clf was not associated with increased auxin levels in the clf RM based on DR5 pro :GUS expression ( Figure 6C ).
We tested whether AGL42, AGL17, AGL21, PLT1, PLT2, and WOX5 are targeted by PcG proteins by analyzing the presence of the PcG-mediated H3K27me3. All genes were marked by H3K27me3 in wild-type and pkl roots at 5 DAG; however, levels of H3K27me3 substantially increased in pkl mutants (Figure 7) , suggesting that upon loss of PKL function, PcG proteins bind and repress stem cell and meristem marker genes, leading to reduced RM activity in pkl mutants. To summarize, PKL and CLF share a common set of stem cell and meristem marker genes among their targets but act antagonistically on these genes.
PKL and CLF Antagonistically Regulate Root Meristematic Growth
Finally, we addressed the question whether increased expression of root stem cell and meristem marker genes in clf mutants would cause increased root length and whether this phenotype could be suppressed by loss of PKL function. Consistent with this hypothesis, clf single mutants had significantly longer primary roots than wild-type plants, whereas root length of pkl clf double mutants was similar to pkl mutants, demonstrating that pkl was epistatic over clf ( Figure 8A ; see Supplemental Figure 3 online). This was reflected by an increased meristem size in clf mutants and a decreased meristem size in pkl clf mutants that was similar to the meristem size in pkl ( Figures 8B and 8C) . Whereas in clf, the number of meristem cells continued to increase until 14 DAG, the number of meristematic cells in pkl and pkl clf decreased between 10 and 14 DAG, suggesting that the increased meristematic activity upon loss of CLF depends on PKL function. This is consistent with our observation that increased expression of root stem cell and meristem marker genes in clf depends on PKL function ( Figure 6A ). However, even though the activity of meristematic cells was decreased in pkl, we did not observe a collapse of the pkl RM after 24 DAG. From 10 analyzed pkl seedlings, all had meristematic cortex cells in the range of 12 to 26 cells (see Supplemental Figure 4 online). This suggests that stem cells remain functional in pkl mutants but might have reduced activity.
We tested whether increased expression of root stem cell and meristem marker genes in clf would be associated with increased stem cell activity by determining the number of distal stem cells by lugol staining. Indeed, the proportion of roots with additional unstained cell layers below the QC increased from ;19% in wild-type roots to 50% in clf roots ( Figures 8D to 8F ), indicating that loss of CLF was associated with an increased division potential of columella initial cells.
We asked whether increased meristematic activity upon loss of CLF is caused by an increased division potential of meristematic cells. Therefore, we determined the number of GUS-stained cells in clf mutants carrying the CYCLINB1;1 pro : CDB-GUS reporter construct (Welch et al., 2007) . Although clf meristems had more GUS spots than wild-type meristems, the cell division rate relative to the meristem size was unchanged (cell division rate in the wild type, 0.34 6 0.02, and in clf, 0.35 6 Figures 8G to 8I ), suggesting that CLF does not impair the division potential of meristematic cells.
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Finally, we tested whether increased expression of WOX5 is causally responsible for increased clf root length. We introduced the wox5 mutation into the clf mutant background and analyzed root growth of the double mutant. Indeed, loss of WOX5 caused a significant reduction of clf root length (Student's t test, P < 0.05), indicating that increased WOX5 expression in clf is at least in part responsible for increased clf root length ( Figure 8J ).
DISCUSSION
In this study, we illuminate chromatin-based mechanisms causing changes in RM activity independent of changes in auxin concentration. We demonstrate that the chromatin remodeling factor PKL is required for the activation of root stem cell and meristem marker genes, causing reduced meristem activity upon loss of PKL function. Furthermore, we show that the PcG protein CLF acts antagonistically to PKL and is required for repressing root stem cell and meristem marker genes, suggesting a role in promoting cell differentiation. Previous studies from our group revealed that PKL together with PKR2 is required for the activation of PcG genes in the seedling root (Aichinger et al., 2009) ; however, several lines of evidence presented in this study demonstrate that reduced PcG function is not the underlying reason for reduced meristem activity in pkl pkr2 mutants. Reduced PcG function in pkl pkr2 roots is likely to be responsible for ectopic LEC1 expression (Aichinger et al., 2009) , and our study (A) Root length analysis of wild-type pkl, clf, and pkl clf seedlings from 2 to 14 DAG. n (2, 3, 8, 9, 10, and 12 DAG) $ 22 seedlings; n (5 and 14 DAG) $ 50 seedling. Error bars indicate SE. (B) Microscopy images of wild-type, clf, and pkl clf RMs at 5 DAG. The meristem is marked by lines, and the triangle marks the transition from the revealed that ectopic LEC1 expression is causally responsible for embryonic root formation in pkl pkr2. We show that knockdown of LEC1 expression in pkl pkr2 roots leads to suppression of embryonic root formation but does not impact on root growth, clearly demonstrating that acquisition of embryonic traits and impaired root growth are two separable traits of the pkl pkr2 mutant. Furthermore, genetic and molecular evidence presented in this study revealed that pkl is epistatic over clf, supporting the idea that reduced meristem activity in pkl is independent of reduced PcG function.
Impaired root stem cell activity in the presence of an intact auxin gradient is also caused by loss of function of the histone acetyltransferase GCN5 and the GCN5-associated factor ADA2b (Kornet and Scheres, 2009 ). In yeast, GCN5 and ADA2 are part of a transcriptional coactivator complex that is recruited to its target genes by transcriptional activators (Baker and Grant, 2007) . Given that loss of PKL as well as loss of GCN5 and ADA2b cause similar phenotypes, it is tempting to speculate that nucleosome remodeling mediated by PKL allows recruitment of transcription factors that in turn recruit a GCN5-containing histone acetyltransferase complex leading to full transcriptional activity. This scenario would resemble the role of the PKL homolog Mi-2b (CHD4) in T cell development (Williams et al., 2004) , suggesting an evolutionary conserved requirement of CHD3/CHD4 proteins for gene activation. The phenotypic consequences on RM development are stronger in gcn5 and ada2b mutants compared with pkl and pkl pkr2 mutants, implicating redundantly acting pathways compensating for loss of PKL function.
In animals, PcG proteins are essential for cell differentiation by repressing embryonic stem cell specific genes (Pasini et al., 2007; Christophersen and Helin, 2010) . We hypothesize that in plants, PcG proteins are also essential for cell differentiation; upon loss of CLF function, we observed higher expression levels of stem cell and meristem marker genes and increased stem cell activity reflected by an increased number of distal stem cell layers, supporting a functional role of PcG proteins in promoting cell differentiation by suppressing stem cell and meristem marker genes. All investigated stem cell and meristem marker genes were marked by H3K27me3, and the level of H3K27me3 at most loci substantially increased in pkl mutants, suggesting that PKL either prevents these genes being targeted by PcG proteins, or, alternatively, activity of PcG proteins is reduced in the plant stem cell niche. Future experiments will be aimed at distinguishing between both possibilities. Our H3K27me3 localization analysis was based on whole-root tissues and does not allow distinguishing whether genes are marked in stem cells, meristematic cells, or differentiated cells. Clarifying this important point will remain the challenge of future investigations.
Our analysis revealed a functional role of PKL in maintaining meristem activity, consistent with PKL being widely expressed in the RM. Previous results from our group revealed that PKL is required for the activation of PcG genes (Aichinger et al., 2009) , and the results of this study led us to propose that PcG proteins are required to promote cell differentiation by suppressing root stem cell and meristem marker genes. Therefore, we hypothesize that PKL has tissue-specific targeting activity, whereas PKL together with PKR2 activates PcG genes outside the RM and promotes cell differentiation, and PKL specifically activates root stem cell and meristem marker genes within the RM. Similar to the proposed functional role of PKL outside the RM, homologous proteins to PKL in animals have been implicated to promote stem cell differentiation (Yoshida et al., 2008; Scimone et al., 2010) , suggesting that this functional role of CHD3/CHD4 proteins is evolutionary conserved.
If PcG proteins repress stem cell and meristem marker genes outside the RM, loss of PcG function should be associated with ectopic expression of these genes. However, loss of CLF caused increased expression of WOX5 within the QC, but did not cause ectopic WOX5 expression, seemingly contradicting this hypothesis. Nonetheless, loss of CLF only diminishes but does not deplete PcG function (Chanvivattana et al., 2004) , suggesting that ectopic expression of stem cell and meristem marker genes requires complete loss of PcG function. In support of this view, WOX5 expression is strongly increased in clf swn double mutants compared with the clf single mutant (data not shown). Auxin response factors ARF10 and ARF16 were recently shown to repress WOX5 transcription and restrict it to the QC (Ding and Friml, 2010) . Expression of ARF10 and ARF16 as well as WOX5 strongly increased in clf swn double mutants (data not shown), suggesting that PcG-mediated repression of WOX5 acts downstream of ARF-mediated repression.
To conclude, our study illuminates chromatin-based mechanisms that control RM activity. These antagonistic functions are mediated by the tissue-specific activation of distinct target genes by PKL, underlining the fundamental importance of chromatin configuration on cell identity. What determines the targeting specificity of PKL in distinct tissue remains the challenge of future investigation. 
METHODS
Plant Materials and Growth Conditions
All Arabidopsis thaliana mutants used in this study are in the Columbia accession. The pkl-1, pkr2-1, wox5-1, clf-28 , and clf-29 mutant alleles were described previously (Ogas et al., 1997; Bouveret et al., 2006; Sarkar et al., 2007; Aichinger et al., 2009; Doyle and Amasino, 2009) . Mutant alleles for PLT1 and PLT2 in the Columbia accession were identified in the SALK collection and correspond to SALK_116252 and SALK_089992, respectively. T-DNA insertions are located in the 9th exon and 59 untranslated region, respectively. Phenotypic and molecular analysis indicated that both alleles are likely to be null alleles (data not shown). The marker lines CYCLINB1;1pro:CDB-GUS and WOX5pro:GFP were described before (Hauser and Bauer, 2000; Blilou et al., 2005) . Seeds were surface sterilized (5% sodium hypochlorite and 0.1% Tween 20) and plated on Murashige and Skoog medium (MS salts, 1% Suc, pH 5.6, and 0.8% bactoagar). After stratification for 1 d at 48C, plants were grown in a growth cabinet under a long-day photoperiod (16 h light and 8 h dark) at 238C. For monitoring pickle root development, plates were incubated in vertical position, and the phenotype was scored after 7 d. Experiments were performed in triplicates (three plates per experiment), and each experiment was performed at least three times.
Generation of Transgenic Lines
An amiRNA construct targeting LEC1 transcript was designed using Web MicroRNA Designer (Ossowski et al., 2008) and template plasmid pRS300 following previously published procedures (Ossowski et al., 2008) . The PCR product was transferred into the binary destination vector pB7GW2.0 (Karimi et al., 2005) . The PKL pro :PKL-GFP construct was generated using the PKL genomic locus-containing plasmid pJO634 (Ogas et al., 1999) as template. The PKL stop codon was removed by sitedirected PCR, and the eGFP sequence was introduced using the unique BstEII restriction site at the 39 end of the PKL locus. Transgenic lines were generated by Agrobacterium tumefaciens-mediated transformation using strain GV3103 into wild-type or indicated mutant backgrounds. Independent T2 lines were selected for single transgene locus insertions, and T3 seeds were screened for homozygosity. Homozygous T3 plants were analyzed.
Microscopy
Confocal microscopy was performed as previously described (Sabatini et al., 2003) . Nomarski microscopy imaging was performed using a Leica DM2500 with differential interference contrast optics. Images were captured using a DFC300FX digital camera (Leica). Samples were mounted in chloral hydrate solution (gycerin/chloral hydrate/water in a ratio of 1:8:3). For GUS histochemical stainings, samples were immersed in GUS solution (50 mM sodium phosphate, 1 mM EDTA, 0.5 mM potassium ferrocyanide, 0.5 mM potassium ferricyanide, 0.5% Triton X-100, 0.5% dimethylformamide, and 1 mM 5-bromo-4-chloro-3-indolyl glucuronide) at 378C for 1 h. For staining of the columella amyloplasts, roots were immersed in Lugol solution for 2 to 5 min. For localization of triacylglycerols, whole seedlings were incubated for 1 h in filtered Fat Red solution (0.5% Fat Red Bluish in 60% isopropanol), washed three times with water, and inspected. Images of wild-type and mutant seedling roots were captured either by Leica DFC300FX digital camera or Nikon D80 digital camera, and root length was measured from the root tip to the hypocotyl base using ImageJ (http://rsb.info.nih.gov/ij/). Two-tailed t tests were performed using SigmaPlot 10 software.
Transcript Level Analysis
Root tips of 5-d-old seedlings were harvested, and total RNA was extracted using the RNeasy kit (Qiagen). For quantitative RT-PCR, RNA was treated with DNaseI and reverse transcribed using the first-strand cDNA synthesis kit (Fermentas). For transcript analysis of aerial tissues, RNA was extracted using Trizol reagent (Invitrogen), and cDNA was synthesized as described above. Gene-specific primers and SYBR green JumpStart TaqReadyMix (Sigma-Aldrich) were used on a 7500 Fast RealTime PCR system (Applied Biosystems). Quantitative RT-PCR was performed using three replicates and PP2A as a reference gene. Results were analyzed as previously described (Simon, 2003) . For sequences of primers, see Supplemental Table 1 online.
Chromatin Immunoprecipitation
Chromatin immunoprecipitation (ChIP) analysis was performed using pkl mutants expressing the PKL pro :PKL-GFP construct (considered as the wild type) and pkl seedlings without complementation construct. Root tips of 5-d-old seedlings were harvested, and proteins were cross-linked in 10 mM dimethyladipimate for 20 min. After washing with distilled water, proteins were cross-linked to DNA with 1% formaldehyde for 15 min. ChIP was performed as previously described (Makarevich et al., 2006) using antibodies against histone H3 (Millipore), H3K27me3 (Millipore), and rabbit IgG (Santa Cruz Biotechnology). All tested regions were within 400 bp upstream of the start ATG. For sequences of primers, see Supplemental Table 1 online. Gene-specific primers and SYBR green JumpStart TaqReadyMix (Sigma-Aldrich) were used on a 7500 Fast RealTime PCR system (Applied Biosystems). Quantitative ChIP PCR was performed with four replicates, and results were analyzed as described and presented as percentage of input (Simon, 2003) . ChIP experiments were performed at least three times.
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: PKL (At25170), PKR2 (At4g31900), LEC1 (At2g21970), FUS3 (At3g26790), ABI3 At3g24650), AGL15 (At1g13790), CYCB1;1 (At4g37490), PLT1 (At3g20840), PLT2 (At1g51190), AGL42 (At5g62165), AGL17 (At2g22630), AGL21 (At4g37940), WOX5 (At3g11260), and SHR (At4g37650).
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